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Blockade of Endogenous Ligands of TrkB
Inhibits Formation of Ocular Dominance Columns
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nerve terminals to direct the specific modulation of syn-The Howard Hughes Medical Institute
aptic efficacy and stability, may play essential and evenand Department of Molecular and Cell Biology
instructive roles in synaptic competition and plasticityUniversity of California
during development, following injury, and in learning andBerkeley, California 94720
memory (Domenici et al., 1991; Thoenen, 1995; Cabelli
et al., 1995; Korte et al., 1995; Riddle et al., 1995; Bon-
hoeffer, 1996; Patterson et al., 1996).Summary
The segregation of lateral geniculate nucleus (LGN)
axon terminals into eye-specific (ocular dominance [OD])We have examined thehypothesis that thesegregation
patches within layer 4 of the visual cortex in carnivoresof LGN axon terminals into ocular dominance (OD)
and primates is perhaps the best-studied model of activ-patches in layer 4 of the visual cortex requires neuro-
ity-dependent synaptic plasticity during CNS develop-trophins, acting as signals to modulate the pattern of
ment (Shatz, 1990; Katz and Shatz, 1996). Segregationsynaptic connectivity. Neurotrophin receptor antago-
is based on competition between axons, driven by thenists, composed of the extracellular domain of each
two eyes, for target neurons in layer 4 (Hubel et al.,member of the trk family of neurotrophin receptors
1977; Antonini and Stryker, 1993b) and is exquisitelyfused to a human Fc domain, were infused directly
dependent on the pattern of both afferent (Van Sluytersinto visual cortex during the peak phase of OD column
and Levitt, 1980; Stryker, 1986) and postsynaptic (Reiterformation. Infusion of trkB±IgG, which binds BDNF and
and Stryker, 1988; Hata and Stryker, 1994) activity.NT-4/5, inhibited the formation of OD patches within
OD segregation is thought to operate through Hebbianlayer 4, while trkA±IgG and trkC±IgG, which preferen-
mechanisms (Miller et al., 1989) to produce the charac-tially bind NGF and NT-3, respectively, had no effect.
teristic strengthening of certain synapses and attenua-The autoradiographic labeling of LGN terminals in cor-
tion of others. It has beensuggested that signaling mole-tical layer 4 was reduced by trkB±IgG, in contrast with
cules capable of crossing the synapse, and whosethe increased labeling observed following NT-4/5 infu-
secretion or availability reflects the state of activationsion. These data suggest that an endogenous ligand
of the postsynaptic neuron, could mediate this synapse-of trkB, normally present in limiting amounts within
specific modification of synaptic efficacy and stability.visual cortex, is necessary for the selective growth and
Based on the proposition that neurotrophins might beremodeling of LGN axons into eye-specific patches.
among such signaling molecules (Domenici et al., 1991),
we infused an excess of each of the neurotrophins di-Introduction
rectly into visual cortex at theheight of the critical period
for OD segregation (Cabelli et al., 1995). Administration
The neurotrophins are a family of neurotrophic factors
of either BDNF or NT-4/5, both of which are ligands of
(McDonald and Chao, 1995), including nerve growth fac-
trkB, inhibited the formation of OD patches, whereas
tor (NGF), brain-derived neurotrophic factor (BDNF),
NGF or NT-3, ligands for trkA and trkC, respectively, did
neurotrophin-3 (NT-3), and neurotrophin-4/5 (NT-4/5), not (Cabelli et al., 1995). This observation suggested that
classically considered to be mediators of selective neu-
competition for one or more ligands of trkB, normally
ronal survival (Johnson and Oppenheim, 1994). In recent
present in limiting amounts in visual cortex, is necessary
years, the list of possible roles of neurotrophins has
for the selective remodeling and strengthening of syn-
broadened as a consequence of observations sug- apses that accompanies OD patch formation in layer 4.
gesting that they have potent abilities to regulate addi- More recently, several related studies have shown that
tional aspects of neuronal differentiation and function, intracortical administration of BDNF or NT-4/5 can also
including axonal (Diamond et al., 1992; Cohen-Cory and prevent the shift in OD (Galuske et al., 1996; Gillespie
Fraser, 1995) and dendritic (Cohen-Cory et al., 1991; et al., 1996, Soc. Neurosci., abstract; Hata et al., 1996,
McAllister et al., 1995, 1996) morphology, the efficacy Soc. Neurosci., abstract) and block the decrease in LGN
neuron soma size (Riddle et al., 1995) associated with
eye closure during the critical period.Thus, excess exoge-Present addresses: *Mary D. Allen Laboratory for Vision Research,
nous NT-4/5 or BDNF can apparently prevent the normalDoheny Eye Institute, Department of Cell and Neurobiology, Univer-
sity of Southern California School of Medicine, Los Angeles, CA activity-dependent development of OD patches in layer
90033. 4, and can block the abnormal effects of monocular
²Department of Neurosciences, Genentech, Inc., South San Fran- visual deprivation. However, all of these experimental
cisco, CA 94080.
results could simply have been the result of the applica-³Department of Neurology, Harvard Medical School and the Beth
tion of nonphysiological concentrations of neurotroph-Israel Hospital, Boston, MA 02115.
ins, which are well known to stimulate nonspecific axo-§Howard Hughes Medical Institute and the Department of Molecular
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Here, we examine whether endogenous neurotroph- on OD segregation, the anterograde transneuronal
tracer, [3H]-proline, was injected intraocularly to labelins are involved in OD segregation. Nearly all of the
accumulated data regarding effects of neurotrophins the LGN axon terminals specific for the eye ipsilateral
to the infused hemisphere. Horizontal sections throughon neuronal morphology, patterns of connectivity, and
synaptic transmission in the CNS have been obtained visual cortex were subjected to emulsion autoradiogra-
phy to allow visualization of the labeled terminals inin vitro; in vivo studies have involved the administra-
tion of added neurotrophins, rather than determining cortical layer 4 by darkfield microscopy, and silver grain
density was quantified by densitometry.whether there is a requirement for endogenous neuro-
trophins. In the present study, the in vivo application of Recently, a series of soluble fusion proteins have been
constructed from the extracellular domains of trkA, trkB,chimeric proteins, consisting of the extracellular domain
of each of the trk receptors fused to the Fc tail of a or trkC, linked to the Fc tail of a human IgG, that function
effectively as competitive antagonists of the trk recep-human IgG, that effectively sequester specific endoge-
nous neurotrophins is used to demonstrate that the ac- tors in binding of endogenous ligand (Shelton et al.,
1995). The construction of these fusion proteins, de-tion of one or more ligands of trkB is essential for OD
segregation. noted trkA±IgG, trkB±IgG, and trkC±IgG, respectively,
their expression in 293 cells, and their purification by
protein A affinity chromatography have been describedResults
elsewhere (Shelton et al., 1995). These proteins bind to
neurotrophins in vitro with relatively normal affinity andThe segregation of LGN axon terminals into OD patches
in layer 4 of visual cortex takes place primarily between specificity and, when present in excess, block neuro-
trophin-promoted survival of cultured dorsal root andpostnatal days 21 (P21) and 50 (P50) in the cat (LeVay
et al., 1978). Our earlier analysis of the effects of neuro- sympathetic neurons (Shelton et al., 1995). Moreover,
in vivo administration of trkA±IgG blocks inflammation-trophin infusion during this developmental period on OD
segregation (Cabelli et al., 1995), and our descriptive induced peripheral hyperalgesia, presumably through
antagonism of endogenous NGF action on nociceptivestudies of neurotrophin receptor expression and local-
ization (Allendoerfer et al., 1994; Cabelli et al., 1996), sensory neurons (McMahon et al., 1995).
suggested that OD segregation might require the action
of endogenous ligands of trkB. In order to determine Infusion of a Competitor of TrkB Inhibits
Ocular Dominance Column Formationwhether endogenous neurotrophins are necessary for
OD patch formation, neurotrophin antagonists were in- To determine whether segregation requires the action
of endogenous ligands of trkB, trkB±IgG was infusedfused by osmotic minipump directly into visual cortex,
through a beveled cannula placed in the white matter continuously into visual cortex for 2±3 weeks during the
period from P21±P46, when segregation is taking place.and directed toward the medial bank of the lateral gyrus.
Infusions were carried out for a 2±3 week period, con- The results of one such infusion experiment, carried
out from P27±P42, are presented in Figure 1. Darkfieldcluding at P42 unless otherwise noted, at which time
OD patches have clearly formed, though segregation is photomicrographs and densitometric scans of trans-
neuronally-labeled LGN axon terminals in layer 4 arenot yet complete. To assess the effects of the infusions
Figure 1. TrkB±IgG Infusion Inhibits Ocular Dominance Segregation
TrkB±IgG, 1.2 mg/ml, was infused into cat visual cortex from P27±P42. LGN axon terminals were labeled by intraocular injection of [3H]-proline
at P32 and visualized by emulsion autoradiography. Profiles of silver grain density in layer 4 are shown for seven horizontal sections at varying
depths in the dorsoventral axis. The position of the cannula track is indicated by the shaded arrow. Darkfield images for four sections within
this region of visual cortex, whose position is indicated by the unfilled arrows, are shown on the right. For those images for which a corresponding
grain density profile is shown (i.e., the lower three images), a star marks the anterior edge of the region in which grain density was quantified.
The hole in the white matter in these and subsequent images reflects the passage of the cannula. M, medial; A, anterior. Scale bar, 1 mm.
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Figure 2. Four Additional Examples of the Effects of TrkB±IgG on Ocular Dominance Segregation
TrkB±IgG was infused into cat visual cortex from P21±P42, at 2.5 mg/ml (A and D) or from P28±P46, at 1.5 mg/ml (B) and 0.5 mg/ml (C). A
single darkfield image is shown from each brain, along with the corresponding profile of silver grain density in layer 4. The sections shown
in (A) and (C) were immediately below the tip of the cannula, represented here by an ªx.º The rightward extension of the profile in (B) beyond
the darkfield image reflects the curvature of the posterior cortex. M, medial; A, anterior. Scale bar, 1 mm.
shown for a series of representative horizontal sections, depths within primary visual cortex relative to the can-
nula site. Examples from two additional trkA±IgG infu-spanning a depth of over 2.25 mm in the dorsoventral
sion experiments are also shown (Figures 3B and 3C).axis, which include the cannula track as well as portions
Again, no evidence of an effect on the developmentof visual cortex well below and to the sides of the can-
of eye-specific patches was found. TrkC±IgG infusionsnula tip. The normal periodic fluctuations in the density
also had no clear effect on the segregation of LGN axonsof silver grains representative of OD patches are dis-
into OD patches as judged by transneuronal autoradiog-tinctly absent within a region of cortex z2 mm in length
raphy (Figure 4).adjacent to the cannula site in the white matter; in con-
trast, OD patches are clearly present in adjacent regions
of visual cortex. Moreover, at a depth z0.9 mm below Quantitative Analysis of Ocular
the last sight of the cannula track, pronounced periodic Dominance Segregation
fluctuations in silver grain density are again visible Results presented above suggest that an endogenous
throughout the cortex, as would be expected if the inhib- ligand of trkB may be involved in the formation of OD
itory effect of trkB±IgG were manifested only within 1 patches within layer 4 of cat visual cortex. To substanti-
mm or so in all dimensions of the site of infusion. Exam- ate these observations, and to quantitate the degree to
ples of the effects of trkB±IgG infusion in other animals which the various treatments have affected the segrega-
are shown in Figure 2. TrkB±IgG infusion consistently tion of LGN axon terminals into OD patches, a complete
(n 5 5) resulted in a diminution or a complete inhibition set of autoradiographic images for each brain, derived,
of OD segregation in layer 4, although the size of the when possible, from every sixth 25 mm thick section,
region of visual cortex affected by the infusion was vari- were subjected to a statistical analysis of silver grain
able from brain to brain, ranging from approximately 2 density in layer 4. Silver grain density profiles, examples
mm to as much as 3.5 mm in length along the anterior- of which are shown in Figures 1±4, were obtained for
posterior axis (see also Table 1). Concentrations of trkB± transneuronally-transported label in layer 4 within each
IgG ranging from 0.5±2.5 mg/ml were used with similar section. We were particularly interested in threeparame-
efficacy in preventing the formation of OD patches dur- ters of silver grain density that provide information on
ing the infusion period. the status of LGN axon terminals: peak amplitude (peak-
TrkA±IgG and trkC±IgG were also infused into visual to-trough height), which gives an indication of the clus-
cortex during this developmental time period. As shown tering of axon terminals and hence the degree of segre-
in Figure 3A, infusion of trkA±IgG had no obvious effect gation (LeVay et al., 1978; Antonini and Stryker, 1993a);
on the formation of OD patches in layer 4. The intensity periodicity (peak-to-peak distance), which in normal ani-
mals is about 0.9 mm, the width of a right-plus-left eyeand periodicity of OD patches appeared normal at all
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Table 1. Quantitative Analysis of Ocular Dominance Patch Formation During Infusion of Trk-IgG's or NT-4/5 into Visual Cortex
Average Peak Amplitude Average Periodicity, mm Grain Density Indexa
Treatment Experiment
Condition Number % of Control Infused Control Infused Control
trkA-IgG 1 120.2 6 27.5 0.83 0.81 0.56 6 0.31 0.49 6 0.06
2 118.5 6 24.3 0.99 0.89 0.48 6 0.08 0.49 6 0.05
3 112.2 6 42.6 1.15 0.83 0.51 6 0.19 0.41 6 0.11
4 102.9 6 43.8 0.87 0.93 0.41 6 0.25 0.42 6 0.09
av 113.5 6 7.82 0.97 0.87 0.49 6 0.06 0.45 6 0.04
trkB-IgG 1 26.1 6 23.3 NA 0.89 20.11 6 0.24 0.45 6 0.12
2 47.7 6 14.1 NA 0.84 0.58 6 0.23 0.43 6 0.06
3 41.6 6 21.7 NA 0.89 0.28 6 0.35 0.52 6 0.13
4 65.8 6 36.0 NA 0.77 0.41 6 0.36 0.50 6 0.10
5 21.9 6 26.9 NA 0.87 20.23 6 0.31 0.52 6 0.08
avb 40.6 6 17.7 NA 0.85 0.19 6 0.34 0.48 6 0.04
trkC-IgG 1 96.4 6 30.8 0.93 0.83 0.48 6 0.04 0.45 6 0.09
2 92.7 6 36.9 1.01 0.93 0.44 6 0.13 0.42 6 0.11
3 90.4 6 26.1 1.14 1.06 0.38 6 0.09 0.38 6 0.10
av 93.2 6 3.03 1.03 0.94 0.43 6 0.05 0.42 6 0.04
NT-4/5, 200 mg/ml 1 15.9 6 16.1 NA 0.99 0.85 6 0.26 0.51 6 0.07
2 20.4 6 5.2 NA 0.84 20.16 6 0.23 0.55 6 0.06
3 30.9 6 15.8 NA 0.93 0.78 6 0.62 0.54 6 0.15
4 42.2 6 13.2 NA 0.75 0.73 6 0.34 0.46 6 0.09
avc 27.4 6 11.7 NA 0.88 0.56 6 0.48d 0.51 6 0.04
NT-4/5, 67 mg/ml 1 28.7 6 10.3 NA 0.81 0.16 6 0.31 0.49 6 0.07
a Grain density was measured for peaks and troughs in the control windows; average values were set to 1 and 0, respectively. The average
grain density within the cannula or control window was normalized relative to these values.
b Average window width 5 2.5 mm.
c Average window width 5 3.9 mm.
d For 3 of 4 cases: 0.79 6 0.06.
I Position of cannula.
NA, not applicable.
OD patch (LeVay et al., 1978); and the silver grain density are also presented in Table 1. In contrast to the signifi-
cant reductions in the quantitative parameters associ-index, which provides an indirect measure of branching
and arborization. ated with trkB±IgG infusion, no changes in average peak
amplitude, periodicity, or grain density indices were de-As shown in Table 1, trkB±IgG infusions significantly
affected all three parameters within the region immedi- tected following trkA±IgG or trkC±IgG infusion. Thus,
infusion of trkB±IgG, but not trkA±IgG or trkC±IgG, pro-ately surrounding the infusion site (denoted the cannula
window or infused window in the quantitative break- foundly affects the formation of OD patches in layer 4.
These observations are entirely consistent with ourdown of the silver grain density profiles). Average peak
amplitude was reduced to 40.6% 6 17.7% of the control previous study (Cabelli et al., 1995) implicating a role
for NT-4/5 or BDNF in OD patch formation. To morevalues determined for adjacent, unaffected regions
within the sections. However, in all 5 brains, sections directly compare the effects of NT-4/5 infusion with our
current observations, we carried out a similar quantita-lying 0.5 mm or more (depending on the experiment)
below the cannula tip exhibited OD patches of normal tive analysis on the material generated in the earlier
study; these results are also shown in Table 1. Fouramplitude (92.3% 6 8.1% of control) and periodicity
(0.85 6 0.05 mm) within the same area, suggesting that brains infused with 0.2 mg/ml NT-4/5 and one brain
infused with a 3-fold lower concentration (0.067 mg/ml)the absence of ODpatches was not due toa coincidental
labeling artifact or perturbation of the visual pathway. of NT-4/5 were analyzed for the presence of OD patches
in layer 4. All five brains exhibited uniform autoradio-The average silver grain density index was 0.19 6 0.34
within the infused region. This value has been normal- graphic labeling within the infused region. NT-4/5 infu-
sion reduced average peak amplitude to 27.4% 6 11.7%ized for comparison with adjacent uninfused regions. A
value of 1 would indicate a grain density equivalent to of control values (Table 1). Inhibition of OD segregation
was also observed with 0.067 mg/ml NT-4/5, althoughthat observed in the peaks corresponding toOD patches
from the injected eye, while a value of 0 would be equiva- an even lower concentration (0.04 mg/ml) failed to affect
the formation of OD patches (n 5 1; data not shown).lent to the grain density measured for uninjected eye
patches. The observation here, that the grain density These results stand in marked contrast to the lack of
effect of NGF at concentrations as high as 1 mg/ml (n 5index within trkB±IgG infused regions, while variable,
was well below 0.5, indicates a reduction in labeling and 2; data not shown, but see Cabelli et al., 1995).
The effects of NT-4/5 infusion on overall silver grainimplies that the degree of branching of LGN axons may
be significantly lower than normal. density weresomewhat variable. The grain density index
was increased relative to that in adjacent unaffectedThe results of similar analyses, carried out for experi-
ments in which either trkA±IgG or trkC±IgG was infused, brain regions in three out of four cases (average value
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Figure 3. TrkA±IgG Infusion Does Not Block Ocular Dominance Segregation
TrkA±IgG was infused into cat visual cortex from P20±P42, at 2.9 mg/ml (A and B) and 1 mg/ml (C).
(A) Profiles of silver grain density in layer 4 are shown for seven horizontal sections at varying depths in the dorsoventral axis. The position
of the cannula track is indicated by the shaded arrow. Darkfield images for three sections within this region of visual cortex, whose position
is indicated by the unfilled arrows, are shown on the right.
(B and C) Darkfield images from one section from each of two additional trkA±IgG-infused brains are shown. M, medial; A, anterior. Scale
bar, 1 mm.
of 0.79, compared with an average value of 0.50 for visual cortex, and tissue blocks (z3 mm on a side) con-
taining the injection sites were analyzed immunochemi-unaffected regions; Table 1), but was reduced in the
fourth case. Infusion of 0.067 mg/ml NT-4/5 did not ap- cally for trkA±IgG and trkB±IgG content. For each trk±
IgG, identical injections were made into thevisual cortexpear to enhance label density at all, although it did pre-
vent OD segregation. Thus, it may be that high levels of of two animals; one tissue block was dissected immedi-
ately following the injection and the other was dissectedNT-4/5 can increase the amount of axonal branching
(see Discussion). two days later. A two-site ELISA assay, in which IgG-
containing proteins are first bound via an immobilized
human Fc-specific antibody, and the resulting immuneDiffusion and In Vivo Stability of Infused Trk±IgG
To confirm that the differences in the biological effect complexes are then probed with an anti-trkA or -trkB
extracellular domain-specific antibody, was used to de-of the infused trk±IgGs were due to genuine differences
in their specificity as competitive antagonists of neuro- termine the fraction of the infused trk±IgG that retained
both domains of the fusion protein. As shown in Tabletrophin±trk interaction, rather than to variations in their
bioavailability or stability, representative sections were 2, 2 days after injection, all (.97.8%) of the trkB±IgG
detectable within the tissue block was fully intact byimmunostained with an antibody directed against the
Fc tail of human IgG. As shown in Figure 5, all three this criterion. Only a fraction (14.4%) of the injected
trkB±IgG, however, was still present within the dissectedtrk±IgGs diffused extensively from their infusion sites
within the cortical white matter. While the trk±IgGs did tissue block; this was most likely due to a combination
of diffusion into the surrounding tissue and completeappear to diffuse more readily within the white matter
than into the cortical plate (a phenomenon observed degradation of some of the trkB±IgG. Similar results
were obtained for trkA±IgG. That a smaller fraction ofpreviously with infused neurotrophins; Cabelli et al.,
1995), significant levels of the Fc tail of the infused trk± the injected trkA±IgG was present within the dissected
tissue block 2 days after the injection than had beenIgGs were detected within the adjacent cortical plate in
all infused brains (Figures 5A, 5C, and 5E). the case for trkB±IgG may be explained by somewhat
greater diffusion of the trkA±IgG. For example, in 2-dayTo obtain information on the in vivo stability of the
trk±IgGs, and to test the validity of Fc-specific staining infusions carried out on littermates of these animals,
trkA±IgG was detected (by Fc-specific immunohisto-as a measure of trk±IgG spread within brain tissue, trkA±
IgG or trkB±IgG were injected separately into P36 ferret chemistry) throughout a region much larger in volume
Neuron
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Figure 4. TrkC±IgG Infusion Does Not Block Ocular Dominance Segregation
TrkC±IgG was infused into cat visual cortex from P21±P42, at 3 mg/ml.
(A) Profiles of silver grain density in layer 4 are shown for seven horizontal sections at varying depths in the dorsoventral axis. The position
of the cannula track is indicated by the shaded arrow. Darkfield images for four sections within this region of visual cortex, whose position
is indicated by the unfilled arrows, are shown on the right.
(B and C) Darkfield images from one section from each of two additional trkC±IgG-infused brains are shown. M, medial; A, anterior. Scale
bar, 1 mm.
than the tissue blocks analyzed in Table 2 (data not infusions of excess NT-4/5 or BDNF and of the ligand-
sequestering reagent, trkB±IgG, are presumed to exertshown). The similar in vivo stability of trkA±IgG and trkB±
their effects on OD segregation by modifying the avail-IgG suggests that differences in bioavailability are un-
ability of activating ligands and, therefore, the state oflikely to be responsible for the lack of effect of trkA±IgG
activation of trkB. Activation of the trk receptors involveson OD segregation. In addition, the absence of large
ligand-dependent dimerization and concomitant auto-amounts of partially degraded trk±IgGs supports the use
phosphorylation of the intracellular kinase domain at aof Fc-specific immunohistochemistry (Figures 5A, 5C,
number of specific tyrosine residues (Obermeier et al.,and 5E) to approximate the spatial distribution of the
1993; Stephens et al., 1994; Segal et al., 1996) necessaryintact fusion protein during the course of these experi-
for both activation of kinase activity and the formationments. Since a portion of the injected trk±IgG was pres-
of signal transduction complexes.ent in intact form fully 2 days after injection (Table 2),
Does manipulation of NT-4/5 and BDNF availabilityand the OD segregation experiments were carried out
result in changes in the phosphorylation of trkB in spe-by means of constant infusion of trk±IgGs via osmotic
cific cellular locations within visual cortex? An affinity-minipump, we presume that intact trk±IgGs were present
purified antibody generated against a 14 amino acidnear the infusion site throughout the duration of the
sequence in the trkB cytoplasmic domain, containing aexperiments.
phosphotyrosine residue (Segal et al., 1996) that contrib-
utes to the formation of an SHC binding site upon trkB
Manipulation of Neurotrophin Availability Affects autophosphorylation and activation (Obermeier et al.,
Trk Autophosphorylation 1993; Stephens et al., 1994; Segal et al., 1996), was used
We have shown here that intracortical infusion of trkB± in immunohistochemistry todetect changes in the phos-
IgG, but not trkA±IgG or trkC±IgG, inhibits the segrega- phorylation of trkB. It should be noted that this particular
tion of LGN axon terminals into eye-specific patches. antibody, denoted anti-pY490-trk (in recognition of the
Infusions of NT-4/5 or BDNF also prevent segregation fact that the analogous phosphotyrosine is found at
(Cabelli et al., 1995; Table 1). Taken together, these position 490 in trkA), also recognizes trkA or trkC phos-
observations suggest that an endogenous ligand of trkB phorylated at an equivalent tyrosine residue (Segal et al.,
plays a required role in promoting the axon remodeling 1996). In the experiments described below, competitive
inhibition of immunostaining by preincubation with thethat is an essential component of OD segregation. The
Role of TrkB in Ocular Dominance Segregation
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Table 2. In Vivo Stability of TrkA-IgG and TrkB-IgG
Fc Content, mg trk-Fc Content, mg
Sample (by ELISA) (by 2-site ELISA)
trkB-IgG, t 5 0 2.06 1.88
t 5 2d 0.276 0.27
trkA-IgG, t 5 0 3.0 2.6
t 5 2d 0.142 0.108
throughout a large area of visual cortex in both P40 cat
(Figure 6A) and P36 ferret brain (data not shown). At
higher magnification, it can be seen that the increased
signal reflects staining of neurons in all cortical layers
(Figure 6C) and of cells, including residual subplate neu-
rons, and fibers in the white matter (data not shown).
The observed trk autophosphorylation response to the
infused factor throughout all cortical layers suggests
even greater diffusion into the cortical plate than is ob-
vious from direct immunohistochemical staining for
NT-4/5 (Cabelli et al., 1995), and is entirely consistent
with the known distribution of trkB immunoreactivity in
visual cortex (Cabelli et al., 1996). Following injection or
infusion of NT-4/5, we have also observed robust stain-
ing of fibers and occasional subplate neurons in the
white matter using an anti-NT-4/5 antibody that prefer-
entially recognizes exogenous recombinant human
NT-4/5 (data not shown; Cabelli et al., 1995, Soc. Neu-
rosci., abstract), suggesting that infused NT-4/5 binds
to and/or is taken up by these structures and consistent
with the observed changes in neurotrophin receptor
phosphorylation. A similar enhancement of pY490-trk
immunoreactivity was obtained following NT-3 infusion
(Figure 6B). This may reflect the presence of trkC within
visual cortex at levels comparable to trkB (Allendoerfer
et al., 1994) and the ability of the antibody to recognize
pY490-trkC, although it is also possible that, at suffi-
ciently high concentrations, NT-3 may act as an agonist
of trkB (Strohmaier et al., 1996). Thus, the infusion of
NT-4/5 or NT-3 clearly affected the phosphorylation of
trk receptors within nearby cortex.
We also investigated the effects of blockade of endog-
enous neurotrophin action on trk autophosphorylation
at residue Y490. As shown in Figure 7, infusion of trkB±
IgG for 2 days into primary visual cortex in P36 ferrets led
to a dramatic decrease in pY490-trk immunoreactivity in
the white matter surrounding the infusion site. There is
Figure 5. Immunohistochemical Detectionof IgG in Trk±IgG-Infused a striking correspondence between the area showing a
Brains clear reduction in pY490-trk immunoreactivity (Figure
TrkA±IgG, trkB±IgG, or trkC±IgG were infused into cat visual cortex 7B) and the area stained most intensely, using the
for the indicated times, and horizontal sections were stained with
Fc-specific antibody, for the infused trkB±IgG (Figureantibody specific for human IgG. Bright field micrographs (A, C, and
7A). Moreover, the pY490-trk immunoreactivity of cor-E) are shown, along with darkfield images of autoradiographically-
tical plate neurons was also greatly diminished (Fig-labeled geniculate axons in adjacent sections (B, D, and F). DF,
darkfield; a-hIgG, stained with antibody specific for human IgG; M, ure 7B).
medial; A, anterior. Scale bar, 1 mm. Immunohistochemistry for pY490-trk indicates that
manipulation of neurotrophin availability does indeed
result in changes in the phosphorylation state of their
receptors, the trk proteins. As suggested from immuno-phosphorylated peptide, but not by the unphosphory-
lated peptide, was used to demonstrate the specificity histochemical analysis of trkB localization during visual
cortex development (Cabelli et al., 1996), trkB is presentof the anti-pY490-trk staining of tissue sections (data
not shown). Following infusion of NT-4/5 for 2 days into in many different locations and structures, nearly all of
which seem to be responsive to the experimental per-visual cortex, a significant increase in pY490-trk immu-
noreactivity was noted surrounding the cannula site turbation of ligand availability.
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Figure 6. Increased Phosphorylation of pY490-trk Following Intracortical Infusion of NT-4/5 or NT-3
(A) NT-4/5 (0.2 mg/ml) or (B) NT-3 (0.2 ml/ml) was infused for 2 days into P40 cat visual cortex at a flow rate of 0.5 ml/hr. Horizontal sections
were immunostained with anti-pY490-trk. The boxed area in (A) is shown at a higher magnification in (C). Cortical layers are labeled 2±6. M,
medial; A, anterior. Scale bars, 1 mm (A and B), 225 mm (C).
Blockade of TrkB Action Does Not Grossly Alter Discussion
Cortical Cytoarchitecture
Identification of the signaling molecules that participateIt was important to verify that the absence of OD patches
in the remodeling of axonal arbors orchestrated by syn-in layer 4 following infusion of excess trkB±IgG did not
aptic competition is a long-standing goal of neurobiol-result simply from a catastrophic effect on cortical struc-
ogy. The recent observation that continuous applicationture or function, such as the loss of layer 4 or LGN
of NT-4/5 or BDNF inhibits the formation of OD patchesneurons upon blockade of trkB action. Although trkB±
in layer 4 of visual cortex suggested that one or moreIgG was infused long after the phases of naturally oc-
ligands of trkB might be integrally involved in synapticcuring cell death of cortical plate neurons (Ferrer et al.,
competition in this system (Cabelli et al., 1995). The1992; Blaschke et al., 1996) and LGN neurons (Williams
ability to obtain a response to neurotrophin applicationand Rakic, 1988), there could still be an ongoing require-
does not, however, necessarily mean that that neuro-ment, either direct or indirect, for neurotrophins for the
trophin plays an essential role in that process in vivo.maintenance of neuronal survival. Accordingly, repre-
In fact, very little evidence has been gathered so farsentative sections from brains in each treatment group
that directly tests the role of neurotrophins in specificwere stained with cresyl violet to assess overall cortical
processes in mammalian CNS function or development.or thalamic cytoarchitecture. As shown in Figure 8, the
The development of pharmacological agents based onlaminar structure of visual cortex, as well as cell mor-
the binding affinities of the extracellular domains of thephology and density within individual layers, appeared
cellular neurotrophin receptors (McMahon et al., 1995)grossly normal following trkB±IgG infusion, or infusion
and of function-blocking antibodies to certain neuro-
of the other trk±IgGs (data not shown). While the pres-
trophins (Gaese et al., 1994; Ghosh et al., 1994; Cohen-
ence of subtle effects on any of these parameters can
Cory and Fraser, 1995) now allows direct assessment
not be excluded, there was clearly no major loss of of the role of particular neurotrophins in specific aspects
neurons within the 2±3 week period of the infusions. of neuronal development and function.
Similarly, the morphological appearance of the LGN was In the present study, we have shown that the segrega-
grossly normal, and we could not find any clear indica- tion of LGN axon terminals into eye-specific patches in
tion of cell shrinkage or loss upon visual inspection of layer 4 of the visual cortex requires the action of an
sections (data not shown). The maintained restriction of endogenous ligand of the neurotrophin receptor trkB.
LGN axon terminals to layer 4, within regions in which Sequestration of endogenous BDNF and NT-4/5 through
OD segregation was inhibited, is a further indication of infusion of an excess of trkB±IgG inhibits the formation
the specificity of the effect. A number of other measures of OD patches in layer 4, whereas infusion of trkA±IgG
of cortical neuron structure and function, including syn- or trkC±IgG has no effect. The lack of effect of the latter
aptophysin and neuropeptide Y immunoreactivity and two agents matches the inability of excess infused NGF
NADPH diaphorase histochemistry, were examined and or NT-3 (Cabelli et al., 1995) to prevent OD patch forma-
found to be within normal limits (data not shown). Thus, tion. This finding is among the first, to our knowledge,
we conclude that the infusion of trkB±IgG does not to demonstrate an in vivo requirement for trkB in the
cause extensive cell loss, at least over the 2±3 week development of patterns of neural connectivity in the
mammalian CNS.period chosen for these experiments.
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of visual cortex. Average grain density is thought to
reflect the degree of branching and arborization of axon
terminals (Antonini and Stryker, 1996). Quantitative anal-
ysis suggests that within the regions in which OD patch
formation was inhibited the silver grain density index
increased following NT-4/5 infusion and decreased fol-
lowing trkB±IgG infusion, possibly reflecting, respec-
tively, increased and decreased branching and axon
arborization. A more definitive assessment of changes
in average silver grain density was not possible, due to
significant experimental variation in label density across
visual cortex. We consider it unlikely that the reduction
in OD patch formation was due to a specific toxic inhibi-
tion of axonal transport resulting from neurotrophin
deprivation. Such an effect would be likely to be accom-
panied by significant reductions in the viability of both
LGN and layer 4 neurons, which was not observed. It
will be necessary in the future to determine the morphol-
ogy of individual axons following infusion of these re-
agents using other labeling techniques; unfortunately,
these techniques are, at present, extremely arduous as
applied to the cat visual system. However, from the
studies of Cohen-Cory and Fraser on the developing
retinotectal system in Xenopus, it is clear that the addi-
tion of BDNF can indeed cause a proliferation of axon
branches, whereas function-blocking BDNF antibody
Figure 7. TrkB±IgG Infusion Reduces Cortical Trk Autophosphory- causes a loss of branching (Cohen-Cory and Fraser,
lation at Y490
1994, 1995). There is every reason to think that similar
A P36 ferret was infused with trkB±IgG (0.4 mg/ml) for 2 days. Nearly effects have occurred in our system as well.
adjacent sections were stained with anti-human IgG to visualize the
infused trkB±IgG (A) or with anti-pY490-trk to assess the state of
autophosphorylation of endogenous trk proteins (B). M, medial; A,
Specificity of Action of the Trk±IgGsanterior. Scale bar, 1 mm.
Inhibition of OD segregation was observed to bespecific
for trkB±IgG; neither trkA±IgG nor trkC±IgG had any ef-
fect on segregation. This does not appear to result fromMany questions remain to be answered, however, be-
differences in the bioavailability of the three trk±IgGs,fore the precise role of endogenous ligands of trkB in
since trkA±IgG and trkB±IgG possess roughly compara-OD segregation can be deduced. In particular, further
ble in vivo stability (the stability of trkC±IgG was notinterpretation of our data depends greatly on the nature
determined), and since all three trk±IgG's diffused exten-of the effects of neurotrophin and neurotrophin blocker
sively and to a similar degree from the infusion site, bothinfusion, and the site(s) of action within visual cortex of
within the white matter and into the adjacent corticalthe reagents infused in this and also in our previous
plate. Thus, while all four neurotrophins are known tostudy (Cabelli et al., 1995).
be present within visual cortex, only trkB±IgG, through
sequestration of BDNF and/or NT-4/5, is capable of pre-
venting the formation of OD patches in layer 4.Interpretation of Autoradiographic
Labeling Patterns The ability of BDNF to down-regulate the expression
of trkB in vitro (Frank et al., 1996) has led to some con-Ocular dominance patch formation was assayed using
the transneuronal anterograde tracer, [3H]-proline, to la- cern that the effects of neurotrophin infusion, for exam-
ple, during prolonged experiments might result frombel the LGN axon terminals connected synaptically to
the eye ipsilateral to the infused hemisphere, followed decreased, rather than increased, ligand-dependent re-
ceptor activation. In this study we have shown that 2-dayby emulsion autoradiography to place silver grains over
the [3H] label. Three parameters of silver grain density infusions of neurotrophins or neurotrophin blockers lead
to the expected enhancements or reductions, respec-in layer 4 were examined quantitatively: peak amplitude
(peak-to-trough height), periodicity (peak-to-peak dis- tively, of receptor autophosphorylation. In addition, it
has been demonstrated recently that intracortical infu-tance), and average grain density. The first two parame-
ters provide an indication of the clustering of terminals sion of BDNF for 2 weeks leads to increased levels of trk
autophosphorylation, assayed biochemically, despite aand, thus, the degree of segregation. In trkA±IgG or
trkC±IgG infused brains, or in regions outside of the modest repression of overall levels of trkB protein
(Lyons et al., 1996, Soc. Neurosci., abstract).infused areas in the treated brains, these values were
indistinguishable from values derived from control Immunohistochemistry for a specific autophosphory-
lated form (pY490) of the trk receptors reveals that bothbrains. In contrast, the average peak amplitude was
markedly reduced in trkB±IgG-infused brains within 1.25 NT-4/5 and NT-3, infused for a two-day period, are able
to dramatically promote receptor activation within cellsmm of the infusion site, compared to adjacent regions
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Figure 8. Gross Cortical Cytoarchitecture Is Normal Following TrkB±IgG Infusion
Adjacent sections from a trkB±IgG infused brain (P21±P42) were processed for emulsion autoradiography (A) or for cresyl violet staining (B).
The boxed area, within the region in which OD segregation is inhibited, is shown at a higher magnification in (C). Cortical layers are labeled
2±6. Scale bars, 1 mm (A and B), 225 mm (C).
in all laminae of visual cortex, although only NT-4/5 (and Site of Action of Infused Agents
Many sites of neurotrophin action within the geniculo-BDNF) inhibit OD segregation. Moreover, administration
cortical system remain plausible. The most straightfor-of NT-3 or NGF, in addition to BDNF or NT-4/5, to or-
ward model proposes retrograde action of a neurotrophinganotypic slices prepared from P14 ferret visual cortex
present in limiting concentrations at the geniculocorticalresults in increased branching and dendritic length in
synapse. The localization of trkB receptor and ligandscertain pyramidal neurons in layers 4, 5, and/or 6, de-
during this period in development supports the feasibil-pending on the identity of the particular neurotrophin
ity of this model. We have previously shown that LGN(McAllister et al., 1995). The specificity that we have
neurons express trkB and that changes in the immuno-seen for ligands of trkB in the perturbation of OD segre-
histochemical distribution of trkB within the LGN coin-gation in vivo is thus highlighted by the contrasting abil-
cide with the onset of OD segregation (Cabelli et al.,ity of a broader spectrum of neurotrophins to affect
1996). Preliminary evidence has been obtained recentlyreceptor autophosphorylation and in vitro dendritic re-
suggesting that trkB is associated with LGN axon termi-modeling in multiple cortical layers.
nals in layer 4 of the visual cortex (M. Silver and M. P.
Stryker; personal communication). In addition, low levels
of BDNF mRNA have been identified by in situ hybridiza-Identity of Endogenous Ligand of TrkB
tion in neurons within layer 4 of the visual cortex (LeinBoth theearlier neurotrophin infusion experiments (Cab-
et al., 1995, Soc. Neurosci., abstract). We have notedelli et al., 1995) and the trk±IgG infusion experiments
that fibers (of undetermined origin) within the white mat-presented here point to a requirement for an endoge-
ter express trkB, take up infused NT-4/5, and becomenous ligand of trkB in OD segregation. Messenger RNAs
autophosphorylated on trk in response to NT-4/5 infu-
for both ligands of trkB, BDNF and NT-4/5, are present
sion (R. J. Cabelli and C. J. Shatz, unpublished data).
in cortex. BDNF mRNA has been detected by in situ
The demonstration by Riddle et al. (1995) that intracorti-
hybridization in all layers of cat visual cortex at the rele- cal NT-4/5 administration prevents the reduction in LGN
vant ages, though less abundantly in layer 4, and in the cell soma size associated with monocular deprivation
LGN (Lein et al., 1995, Soc. Neurosci., abstract). NT-4/5 also implies the presence of trkB on LGN axons, unless
mRNA has been detected by Northern analysis in rat this effect was indirect; secondary, for example, to the
cortex (Timmusk et al., 1993), although no cellular local- promotion or stabilization of synaptic contacts between
ization data has been reported. Moreover, preliminary LGN axons and layer 4 neurons.
immunohistochemical analysis using antibodies directed It is notable that the arborization of geniculate axons
against NT-4/5 suggests a broad distribution of NT-4/5 seen in the presence of exogenous NT-4/5 or BDNF
protein within visual cortex, although the specificity of remains confined to layer 4 within the cortical plate (Cab-
these antibodies has not yet been fully authenticated elli et al., 1995), despite the presence of the infused
(Cabelli et al., 1995, Soc. Neurosci., abstract). Thus, the neurotrophin throughout all cortical layers and the white
endogenous ligand of trkB could correspond to BDNF, matter. This suggests that the effect of infusion of ex-
cess trkB ligands is not simply to promote promiscuousNT-4/5, or even an as yet unidentified molecule.
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sprouting of axons; the effects of neurotrophin infusion with secondary impact on the degree and pattern of
axon arborization, or a direct effect on the mechanismson arborization of geniculate axons, whether direct or
not, are subject to the same regulatory controls as nor- that regulate axon sidebranch extension and retraction.
Are neurotrophins acting in an instructive or a permis-mally restricts arborization to layer 4.
Subsetsof neurons throughout all layers of visual cortex sive manner here? At first glance, the ability of excess
NT-4/5 or BDNF to inhibit OD segregation (Cabelli et al.,express trkB (Cabelli et al., 1996), and trkautophosphor-
ylation on these neurons has been shown in this study 1995) suggests that the neurotrophin is normally present
in limiting amounts and could play an instructive roleto be modulated by the addition or removal of neuro-
trophins. NT-4/5 and BDNF areable to selectivelymodify in determining which synapses and axon sidebranches
become stabilized. It must be noted, however, that thethe morphology of basal and apical dendritic arbors of
pyramidal neurons in layers 4, 5, and 6 in cortical slices effects of excess ligand are also consistent with a role
in which neurotrophins do not act instructively, but, at(McAllister et al., 1995). Not only is trkB present on the
cell bodies and dendrites of many cortical pyramidal physiological concentrations, act synergistically with
other signaling molecule(s) that are the actual sensorsneurons (Cabelli et al., 1996; Fryer et al., 1996); it has
also been shown that many parvalbumin-expressing of the timing and pattern of synaptic activation or are
the limiting determinants of thesite of action. An instruc-GABAergic neurons within adult rat visual cortex are
trkB-immunoreactive (Cellerino et al., 1996). In view of tive role for neurotrophins in OD segregation places
severe restrictions on neurotrophin action (Thoenen,the pronounced effects of trkB ligands in vitro on the
phenotypic properties of GABAergic neurons and 1995; Bonhoeffer, 1996; Snider and Lichtman, 1996),
including a requirement for activity-dependent secre-GABA-mediated synaptic transmission, Cellerino et al.
(1996) have suggested that GABAergic interneurons tion, in order that neurotrophin availability be a reflection
of synaptic activation, and also the existence of somemay also be a relevant target of trkB ligands in their
effects on OD segregation. mechanism(s) (such as temporal coding or spatial re-
striction of neurotrophin release and action) for makingSince LGN neurons are immunoreactive for trkB, a
direct effect of trkB±IgG on neurotrophin activation of responsiveness to released neurotrophins synapse-
specific. A possible permissive role for neurotrophinstrkB on LGN axons within layer 4 is highly likely. Without
the ability to block these receptors selectively on LGN has been suggested by Bear and Huber (1996, Soc.
Neurosci., abstract), based on long-term (2±5 hr) modu-axons, however, it is currently impossible to rule out
contributions from other cortical cell types, including latory effects of BDNF on the frequency threshold for
initiating LTP instead of LTD in layer 2/3 of cortical slices,the possibility of anterograde, rather than retrograde,
action of a trkB ligand at geniculocortical synapses. in which the level of BDNF dictates the balance between
the probability of triggering LTP versus LTD. FurtherNevertheless, the results of our study argue strongly for
an essential role for an endogenous ligand of trkB in exploration of the site and mechanism of neurotrophin
release and action in visual cortex during OD segrega-OD segregation.
tion, with a special focus on the mechanisms by which
neurotrophins modulate synaptic transmission and axonRole of Neurotrophins in Activity-Dependent
Synaptic Plasticity remodeling, will clearly be necessary to distinguish
among these and other possible roles.The recent proposal that certain neurotrophins may play
a crucial role in the modification of synaptic efficacy
Experimental Proceduresand pattern of synaptic connectivity during develop-
ment (Domenici et al., 1991; Thoenen, 1995; Cabelli et
Materialsal., 1995) and learning and memory (Bonhoeffer, 1996)
Antibodies were obtained from the following sources: goat anti-
underscores the importance of determining the in vivo human IgG and Vectastain kits (Vector); goat anti-human Fc (F(ab')2
roles and biochemical mechanisms of action of these fragment), peroxidase-conjugated anti-human Fc, anti-mouse Fc,
and anti-rabbit Fc for use in ELISA assays (Jackson Laboratories).neurotrophins. In view of recent demonstrations that
Rabbit polyclonal antibody against the trkB extracellular domainBDNF is required for at least one form of hippocampal
(Armanini et al., 1995) and mouse monoclonal antibody against theLTP (Korte et al.,1995; Patterson et al.,1996; T.Bonhoef-
human trkA extracellular domain (Hongo et al., 1996, Soc. Neurosci.,fer, personal communication) and the observed ability
abstract) are described elsewhere. The pY490-trk antibody (Segal
of BDNF or NT-4/5 to potentiate synaptic transmission et al., 1996), generated to a 14 residue peptide derived from trkB
(Lohof et al., 1993; Kim et al., 1994; Kang and Schuman, (VIENPQYFGITNS) containing a phosphotyrosine at position 515
1995; Figurov et al., 1996) and calcium currents (Levine conjugated to keyhole limpet hemocycanin (KLH), was isolated by
protein A column chromatography and further purified by multipleet al., 1995) in many different systems, it is tempting to
steps of affinity chromatography, including passage through KLHsuggest that the results presented here reflect a basic
and unphosphorylated peptide matrices and elution from a phos-role of ligands of trkB in synaptic development and plas-
phopeptide column. Neurotrophin and trk±IgG preparations con-
ticity. Indeed, these data may provide some linkage be- tained 1 mg/ml bovine serum albumin (BSA; crystalline, ICN) in phos-
tween LTP and related electrophysiological phenomena phate-buffered saline (PBS; 12 mM phosphate, 137 mM NaCl, and
and their postulated roles as Hebbian drivers of the 2.6 mM KCl [pH 7.4]) and were sterilized by passage through a 22
mm filter prior to use. In cases where it was necessary to concentrateselective remodeling of synaptic contacts and axon
the reagent, microcon spin filters (Amicon) were used. Neurotroph-arbors during geniculocortical development (Katz and
ins and trkA±IgG, trkB±IgG, and trkC±IgG were obtained from Gen-Shatz, 1996). The precise role of trkB ligands in OD
entech (South San Francisco, CA). In addition, trkB±IgG provided by
segregation, however, remains to be determined. The Dr. George Yancopoulos (Regeneron Pharmaceuticals, Tarrytown,
effects we have observed could reflect direct modula- NY), expressed and purified from baculovirus cultures, was used in
certain experiments.tion of synaptic efficacy and stability by trkB ligands,
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Surgical Procedures and Tissue Preparation autophosphorylation was analyzed immunohistochemically in three
cats infused with NT-4/5 and in two infused with NT-3. In addition,All surgical procedures were carried out in accordance with the
institutional guidelines of the Animal Care and Use Committee and immunohistochemical analysis was carried out on sections from P36
ferrets infused with either NT-4/5, NT-3, or trkB±IgG. With respect toOffice of Laboratory Animal Medicine of the University of California,
Berkeley. Intracortical minipump implantations and injections and OD segregation in particular and cortical development in general,
a P36 ferret is approximately equivalent to a P24 cat (LeVay et al,intraocular injections were carried out under aseptic surgical condi-
tions, and all experimental animals were maintained in an anaesthe- 1978; Ruthazer et al., 1995, Soc. Neurosci., abstract).
tized state using the gaseous anaesthetic isoflurane throughout all
procedures. Quantitative Analysis of Ocular Dominance Patches
To adminster neurotrophins and neurotrophin blocking agents Darkfield images of horizontal sections through visual cortex, ob-
during the period of OD segregation, the cannula, a 30 gauge stain- tained using a Nikon SMZ-U stereomicroscope, were imported via
less steel beveled needle, was inserted into the dorsal surface of a CCD camera using Metamorph software and saved as TIF files.
the lateral gyrus at a depth of 1±3 mm with the bevel facing towards Silver grain density in layer 4 was quantified in inverse gray-scale
the midline. A 3 mm diameter craniotomy was performed to allow images using NIH image 1.60 and a macro designed to automate
visualization of the dural and pial surfaces prior to insertion of the summation and averaging of pixel density (using a 0±255 gray scale)
needle. The needle was inserted through a 3 mm diameter plastic across layer 4 for each point on the anterior-posterior axis. Each
disc (1 mm thick) and plastic mesh (5 mm diameter), and the entire image was thus represented by a graph of grain density in layer 4
assembly was fixed to the skull using sterile dental acylic. The os- (y-axis) versus position on the anterior-posterior axis (x-axis); for
motic minipump (Alzet), connected to the needle via vinyl tubing, examples, see Figures 1±4 and Cabelli et al., 1995. The resulting
was placed into the subcutaneous space at the back of the neck. The graphical data was analyzed using the peakfinding capabilities of
incision was closed using vicryl suture material and a continuous, Superscope II software. For each brain, all usable slides in the
buried, subcuticular stitch pattern. Amoxicillin was administered vicinity of the cannula site were analyzed to obtain information on
orally for the first 7 days following the cannula and minipump implan- the distribution of fluctuations (i.e., peaks) in silver grain density.
tation. Trk±IgGs and neurotrophins were infused at a rate of 0.5 ml/ The following parameters were calculated: position of peaks on the
hr for 2 week infusions and z0.33 ml/hr for 3 week infusions. The x-axis, distance between peaks (equivalent to periodicity), peak-to-
reduced flow rate (z0.33 ml/hr) was achieved by coating z1/3 of trough height (peak amplitude), and average y-axis value (average
the surface area of the minipump with hot paraffin prior to filling grain density). For each section, a window of specified width was
and implantation. defined in the x-axis, centered on the position of the cannula track
To reveal the OD patches in layer 4, geniculocortical afferents in the adjacent white matter. Immediately adjacent windows of equal
were labeled with the transneuronal tracer [3H]-proline (LeVay et al., width were set on either side of the cannula window. Average peak
1978). Proline (2 mCi in 25 ml) was injected at a rate of 1±2 ml/ amplitudes and periodicity values were automatically calculated for
min into the vitreous chamber of the eye ipsilateral to the cortical each window, and the values for the cannula window were then
hemisphere receiving the infusion 7±14 days prior to the termination expressed as a percentage of the average corresponding values for
of the experiment. Half of the injected proline was injected into the the adjacent (control) windows (see diagram, Table 1). Since there
temporal retina and half into the nasal retina in order to enhance are wide variations in signal intensity within the visual cortex, proba-
the uniformity of the retinal labeling. The ipsilateral eye was always bly based in part on experimental variations in the uniformity of
injected since at P42 patches are more clearly observed in visual labeling of the retinal ganglion cells, and from section to section,
cortex ipsilateral to the injected eye than in contralateral cortex. based on variations in the efficiency of emulsion autoradiography
This is because the specificity of the labeling in contralateral cortex and subsequent image processing, it was necessary to normalize
is confounded by spillover of some of the transported label from the data obtained within potentially affected regions to immediately
fibers of passage into LGN layers receiving input from the unin- adjacent regions within the same section. Calculations were carried
jected, ipsilateral eye (LeVay et al., 1978). Animals were anaesthe-
out at several settings of the window width in sections from each
tized and perfused as described previously (Cabelli et al., 1995).
brain, in order to define the maximal area affected by the infusion.
Brains were postfixed overnight at 48C; small tissue blocks were
No effects of trkA±IgG or trkC±IgG on these parameters of OD
cryoprotected in 25% sucrose in phosphate buffer, frozen in dry
patches were found at any window setting; the values presented inice, and stored at 2808C with a protective coating of 25% sucrose
Table 1 were calculated at a window setting of 3 mm for trkA±IgGuntil sectioning. Horizontal sections (25 mm thick) were cut on a
and trkC±IgG. The average grain density values in the cannula win-sliding microtome and placed into vials in groups of six. Sections
dows in sections from the trkB±IgG- and NT-4/5-infused brains werewere mounted and stained with cresyl violet for histological exami-
normalized, on a linear scale, to the average peak grain densitynation, or coated with NTB-2 emulsion (Kodak) for emulsion autora-
values, set to 1.0, and the average trough grain density values, setdiography, as described previously (LeVay et al., 1978; Cabelli et
to 0, in the adjacent windows: this resulting number is the grainal., 1995).
density index.For analysis of neurotrophin and pY490-trk immunohistochemis-
try following infusions of NT-4/5 or NT-3 into cat visual cortex, can-
Immunohistochemistrynulas and osmotic minipumps were implanted into P40 cats as
Free-floating 25 mm thick, sliding microtome sections were useddescribed above, infusing neurotrophins (0.1±0.2 mg/ml) at a flow
immediately after being sectioned. Sections were washed with PBS,rate of 0.5 ml/hr.
except for pY490-trk immunohistochemistry, in which case TBSVMinipump cannulas and injections into the visual cortex of P36
(10 mM Tris-HCl [pH 7.4], 137 mM NaCl, 2.6 mM KCl, and 1 mMferrets were placed z3.5 mm lateral to the midline, using visual
sodium orthovanadate) was used in the initial wash and as the basiscues (the skull is still semi-transparent at this age) to confirm the
for all subsequent solutions. For anti-human Fc immunohistochem-positioning of the needles, and guided by a micromanipulator. Injec-
istry, sections were blocked overnight at 48C in wash buffer supple-tions of trkA±IgG, trkB±IgG, NT-4/5, or NT-3 were carried out using
mented with 5% normal horse sera, 0.5% BSA, and 0.1% Tween-20a 33 gauge needle; 5±10 ml was injected over a 5 min period. Latex
(blocking buffer), followed by incubation with biotinylated anti-microspheres (Lumafluor) were injected to mark the injection sites.
human Fc (Vector Laboratories, 1:200 dilution in blocking buffer) forA cube of tissue (z3 3 3 3 3 mm) centered on and containing the
12±16 hr at 48C. Sections were washed in PBS (2 3 5 min, 1 3 30injection site was excised and rapidly frozen either immediately after
min), incubated with the ABC reagent in PBS (prepared accordingcompletion of the injections or following a 2-day survival period.
to the instructions of the manufacturer, Vector Labs) for 45 min atFor description of the two-site ELISA analysis of trk±IgG stability
room temperature, washed in PBS (2 3 5 min, 1 3 30 min), andwithin these tissue blocks, see below.
reacted with 0.05% diaminobenzidene (DAB) in the presence ofA total of five cats infused with trkB±IgG, four infused with trkA±
0.033% H2O2.IgG, and three infused with trkC±IgG were analyzed for OD segrega-
For anti-pY490-trk immunohistochemistry, sections were blockedtion in layer 4. In addition, a number of infusions were carried out
overnight at 48C in TBSV supplemented with 5% normal donkeywith BSA (n 5 4) or with IgG protein fusions unrelated to the trks
(n 5 6) and were analyzed for comparison (data not shown). Trk sera and 0.5% Triton X-100 (blocking solution) and then incubated
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with primary antibody (diluted 1:25 in blocking solution supple- Cabelli, R.J., Allendoerfer, K.L.,Radeke, M.,Welcher, A.A.,Feinstein,
S.C., and Shatz, C.J. (1996). Changing patterns of expression andmented with 10% normal ferret serum) for 12±16 hr at 48C. Sections
were washed in TBSV (2 3 5 min, 1 3 30 min) and incubated with subcellular localization of trkB in the developing visual system. J.
Neurosci. 14, 7965±7980.biotinylated anti-rabbit antibody (Vector Labs) at a 1:500 dilution in
TBSV containing 5% normal donkey serum and 10% normal ferret Cellerino, A., Maffei, L., and Domenici, L. (1996). The distribution of
serum for 1 hr at room temperature. Sections were then washed, brain-derived neurotrophic factor and its receptor trkB in parval-
incubated with ABC reagent, washed, and reacted with DAB as bumin-containing neurons of the rat visual cortex. Eur. J. Neurosci.
above, except that all solutions were made in TBSV. 8, 1190±1197.
Cohen-Cory, S., and Fraser, S. (1994). BDNF in the development of
Two-Site ELISA Analysis the visual system of Xenopus. Neuron 12, 747±761.
A two-site ELISA assay was developed to measure the level of intact
Cohen-Cory, S., and Fraser, S.E. (1995). Effects of brain-derived
trk±IgG. ELISA plates were coated with F(ab')2 fragments of goat neurotrophic factor on optic axon branching and remodelling in vivo.
anti-human Fc (Jackson Labs, 1 mg/ml in 0.1 M Tris [pH 9.5]) as a
Nature 378, 192±196.
capture reagent and blocked with dilution buffer (0.5% BSA and
Cohen-Cory, S., Dreyfus, D.F., and Black, I.B. (1991). NGF and excit-0.05% Tween-20 in PBS). Dilution series of samples from cleared
atory neurotransmitters regulate survival and morphogenesis of cul-homogenates were then incubated with the plates for 2 hr at room
tured cerebellar Purkinje cells. J. Neurosci. 11, 462±471.temperature. Intact trk±IgG molecules bound to the plate were de-
Diamond, J., Holmes, M., and Coughlin, M. (1992). Endogenoustected by incubation with either rabbit polyclonal antibody directed
NGF and nerve impulses regulate the collateral sprouting of sensoryagainst peptides derived from the trkB extracellular domain (1:1000;
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